Leukocyte recruitment in inflammation is a multistep, sequential cascade where the initial step is the selectindependent tethering, followed by the formation of firmer integrin-mediated adhesive forces leading to extravasation. The a(1,3)-fucose-containing sialyl-Lewis X (sLe X ) is the archetypical ligand on leukocyte surfaces mediating selectin interactions. Canonically, disruption of a(1,3)-fucose formation ablates selectin-mediated adhesion, dramatically reducing trafficking. We report a paradoxical response to a(1,3)-fucose deficiency in which the loss exacerbated rather than attenuated leukocyte recruitment in a murine model of acute airway inflammation. The architecture of the capillary-dominated vasculature in the lung minimized the importance of the selectin dependent step, and we observed that a(1,3)-fucose deficiency augmented CXCR2-mediated Rap1-GTP signaling to enhance the b 2 -integrin-ICAM-1-binding axis. The data disclose a previously unknown function for a(1,3)-fucose, in which this structure negatively regulates the integrin activation step in leukocyte recruitment.
Introduction
Leukocyte recruitment is a central component of acute inflammation. Although normally a beneficial process, excessive or unresolved inflammation is deleterious and has been implicated in a wide variety of chronic medical conditions, such as cardiovascular and rheumatic diseases, and inflammatory bowel conditions, such as Crohn's and celiac diseases. Inflammatory cell recruitment, culminating in the extravasation of the recruited cells to inflamed sites, is a multistep, sequential process beginning with selectin-selectin ligand-mediated tethering and rolling [1] . Upon selectin-mediated tethering, activation by chemokine signaling triggers leukocyte integrins to transition from bent, low-affinity states to open, higher affinity states that allow for stronger adhesive interactions with their binding partners, VCAM-1, and ICAM-1 [2] . The transition from low-to high-affinity states triggers firm leukocyte arrest, transmigration, and the emergence of the recruited cells in the inflamed tissue. The selectin ligands on the surface of leukocytes are sialofucosylated carbohydrates, the principal being the tetrasaccharide sLe X containing an essential a(1,3)-fucose moiety [3, 4] . The only documented physiologic function for a(1,3)-fucose is within the context of the selectin ligands. Disruption of the glycosyltransferases responsible for the synthesis of sLe X , particularly the a(1,3)-Futs, attenuates neutrophil tethering to activated endothelium and mitigates selectin-dependent recruitment in both human [5, 6] and murine neutrophils [7] [8] [9] [10] . Given the position of selectin-selectin ligands in the initial stage of inflammatory cell recruitment, there is significant ongoing interest in disrupting these interactions to control leukocyte recruitment in peritonitis, sickle cell disease, stroke, myocardial infarction, and some forms of cancers in rodent models and, more important, in the clinic [11] [12] [13] [14] .
In airway inflammation, acute exacerbations are instances where leukocytes are recruited to the sites of inflammation in response to bacterial infections, allergens, or other noxious stimuli [15] [16] [17] . At worst, these episodes are directly life threatening; at best, repeated episodes promote long-term destruction of the airway leading to permanently diminished function [16] . Based on the conventional thinking of adhesion cascade, leukocyte recruitment in the acute airway may be managed by disrupting sLe x ligands of selectins. However, there may be important differences between the commonly understood vascular leukocyte adhesion cascade and those that govern recruitment to the lung. Capillaries dominate the lung microvasculature, where small diameters coupled with lower leukocyte transit rates may diminish the requirement for selectinmediated braking to slow the leukocyte sufficiently to engage the later steps of the recruitment cascade [18] . Therefore, targeting the selectin ligands may not be an effective approach to manage inflammation of the airways.
To assess the contribution of the selectin axis in lung inflammation, we examined mouse models defective in Fut4 and -7. In the mouse, only these 2 Futs construct the a(1,3)-fucosyl linkage in sLe X . Neutrophils from Fut4
2/2

Fut7
2/2 animals have no sLe x , do not bind to selectin-bearing substrates, and have severely attenuated recruitment in acute peritonitis, a well-studied selectinmediated inflammation event [5, 8] . We observed that the loss of a(1,3) fucosylation, instead of blocking cell recruitment related to the absence of sLe x , actually worsened pulmonary neutrophilic infiltration. These data disclosed an unexpected role for a(1,3)-fucose, in addition and unrelated to the formation of the canonical selectin ligand sLe X . The data showed that the lack of a(1,3)-fucose enhanced the Rap1-GTP levels downstream of CXCR2, which in turn promoted greater ICAM-1 affinity by both neutrophil-borne b 2 -integrins: LFA-1 (or CD11a/CD18) and MAC-1 r (CD11b/ CD18). This unexpected and novel role for a(1,3)-fucose, unrelated to the formation of the canonical selectin ligand sLe X , was uniquely visualized in a capillary-dominated vasculature of the lung where low leukocyte transit rates de-emphasize the role for selectin-selectin ligand-mediated tethering and rolling.
MATERIALS AND METHODS
Animal and inflammation models
The St6gal1 2/2 mouse, which has a globally inactivated ST6Gal-1 gene, was obtained from the consortium for functional glycomics. The St3gal4 double-knockout mice were generated by breeding Fut4 +/2 and Fut7 +/2 pairs. All deletions were confirmed by genotyping. The NTHI model of acute pulmonary inflammation was performed as described earlier [15, 19, 20] . In brief, mice received an oropharyngeal instillation of 1 3 10 6 colony-forming units of live NTHI strain 1479. After either 4 or 18 h, BALF was analyzed. Alternatively, entire lungs were excised and digested in 2 mg/ml collagenase D (Sigma-Aldrich, St. Louis, MO, USA) and 80 U/ml DNAse I (New England BioLabs, Ipswich, MA, USA) for 1 h at 37°C at 300 rpm in a Shaking Incubator Model 1585 (VWR, Radnor, PA, USA) to collect the immune cells [21] . A WBC count of BALF was assessed with a TC20 automated cell counter (BioRad, Hercules, CA, USA). After lavage, the lungs were excised and fixed in 10% formaldehyde in PBS, embedded in paraffin, sectioned, and stained with H&E. Lung pathology was evaluated by a pulmonary pathologist blinded to the identity of the slides.
In some experiments, 50 mg of blocking Abs against specific receptors were injected via tail vein immediately before instillation of NTHI. These Abs include purified YN1/1.7.4 (anti-ICAM-1), 3C4 (anti-ICAM-2), 429 (anti-VCAM-1), M17/4 (anti-CD11a), M1/70 (anti-CD11b), M18/2 (anti-CD18), or SA044G4 (anti-CXCR2). Unless otherwise stated, all immunoreagents for flow cytometry were from Biolegend (San Diego, CA, USA). Also, an sLe X analog, TBC1269 (a gift from Peter Vanderslice, Texas Heart Institute), was used in a similar fashion, as an inhibitor of selectin-mediated adhesion.
To elicit an inflammatory response and leukocyte emigration to the peritoneum, 1 ml of 4% wt/vol sterile Brewer's yeast thioglycollate solution (BD Microbiology, Baltimore, MD, USA) was administered intraperitoneally into each recipient animal [22, 23] . At various time points after thioglycollate challenge, the animals were euthanized by CO 2 asphyxiation, and peritoneal cells were recovered by peritoneal lavage with 6 ml ice-cold PBS.
All animal protocols were approved by the Institutional Animal Care and Use Committee of the Roswell Park Cancer Institute.
Ex vivo labeling of cells and reintroduction into recipients
Mice aged 10 to 11 wk were euthanized by CO 2 asphyxiation, and bone marrow cells were recovered in cold sterile PBS. To label with PKH26-red or PKH67-green (Sigma-Aldrich, St. Louis, MO, USA), cells were washed in RPMI medium (without serum), and 10 7 cells were resuspended in 1 ml Diluent C (Sigma-Aldrich) and rapidly added to 1 ml of 4 mM PKH26-red. The cells were incubated at 25°C for 5 min, terminated by the addition of 2.5% FCS. Differentially labeled donor cells were recombined immediately before infusion into recipient animals, WT C57BL/6 or Fut4
. Each mouse received intravenous injection of pooled cells consisting of 3 3 10 6 cells from each labeled group.
Flow cytometric profiling of inflammatory cells
Immunofluorescent staining and flow cytometric analysis of inflammatory cell subsets were performed as follows. Cells (0.5 3 10 6 -2 3 10 6 ) were washed in PBS containing 0.5% BSA and 0.02% sodium azide, with combinations of fluorescently labeled Abs 1A8 (anti-Ly6G), M1/70 (anti-CD11b/Mac-1), Gr-1 w) where m is the fluid viscosity, Q is the volumetric flow rate, h is the channel height, and w is the channel width. For this chamber, height = 0.023 cm; width = 0.1 cm. Images were captured every minute on a motorized stage and observed with an Eclipse TE300 phase contrast microscope (Nikon, Melville, NY, USA). Images were captured with a 310 objective. Migrating cells had a polarized morphology consisting of a lamellipodia at the front and a uropod at the rear. The number of cells per square millimeter was calculated by using the average of the number of cells migrating at 5 unique positions in the chamber and normalizing this average per square millimeter. Spherical and nonadherent cells were either washed away upon application of flow or demonstrated no motility and were not included in analysis.
Ex vivo fucosylation of mouse neutrophils
Exofucosylation was performed as published [25] , except the cells were mouse neutrophils instead of LSK cells. In brief, neutrophils isolated from the Fut4
Fut7
2/2 mouse were washed with HBSS, counted, and resuspended in 60 mU/ml human FUT7 (R&D Systems) in HBSS (without Ca 2+ or Mg 2+ )
containing 20 mM HEPES, 0.1% human serum albumin, and 1 mM GDPfucose for 1 h at 37°C. These FUT7-treated cells were referred to as FUT7 EXO. For control, the WT and Fut4
Fut7 2/2 neutrophils were resuspended in HBSS, 20 mM HEPES, 0.1% human serum albumin, and 1 mM GDP-fucose without human FUT7 for 1 h at 37°C.
Statistics
Testing for differences between means was determined with either Student's t test or 2-way ANOVA with post hoc comparisons in Prism 6 software (GraphPad, San Diego, CA, USA). P , 0.05 was considered significant.
RESULTS
Fut-deficient animals exhibit more severe neutrophilic airway inflammation
The contribution of sLe X bearing selectin ligands during an acute airway episode was assessed using 2 global Fut-knockout models lacking Fut7, alone or lacking both Fut4 and Fut7. The single Fut4-deficient mouse was not studied because of data have shown a compensatory role in sLe X synthesis [9] , resulting in only a relatively minor increase in rolling velocity in neutrophils from the Fut4 2/2 animals [26] , with minor attenuation of neutrophil recruitment in thioglycollate-induced peritonitis [8] .
Together Fut4 and -7 form the a(1,3)-fucose linkage in sLe X on murine neutrophils [8, 9] . To this end, WT, Fut7
, and Fut4
Fut7
2/2 mice were exposed to NTHI. The BALF was collected either 4 or 18 h after instillation of the bacteria and assessed for cell composition with multicolor flow cytometry. In NTHI-elicited acute airway inflammation, ;90% of the immune cells recovered in the BALF were neutrophils, with the remaining cells being composed of mostly macrophages with some dendritic, B, and T cells (Supplemental Fig. 1 ). We expected that sLe X deficiency by Fut inactivation would significantly hamper overall inflammatory cell recruitment into the airway. However, the opposite was observed, in that Fut7
animals had similar to slightly elevated levels of total immune cell infiltration recoverable in the BALF compared to WT (Fig. 1A) . The Fut4 2/2 Fut7 2/2 animals, which are completely sLe X deficient, had a pronounced (1.65-fold) increase in cell infiltrates. In neutrophil infiltration, the Fut7 2/2 and Fut4 2/2 Fut7 2/2 animals had 1.25-and 1.9-fold increased BALF neutrophil counts, respectively, over WT controls (Fig. 1B) . The T-cells followed our initially expected outcome in which the Fut7 2/2 and Fut4 2/2 Fut7 2/2 deficiencies drastically reduced their recruitment to the airway (Supplemental Fig. 1 ), most likely because of a difference in the recruitment mechanism of T cells compared to neutrophils, as T cells must encounter the Ag in the secondary lymphoid organs and acquire effector functions before trafficking to the lung [27] . Why the B cells recruit significantly more in the lung in the Fut7 2/2 mice and then return to WT levels in the Fut4
Fut7 2/2 is unknown and warrants further investigation. Blinded histopathologic evaluation of the inflamed lungs confirmed that the severity of pulmonary inflammation followed the sequence WT , Fut7 2/2 , Fut4
, which was the reverse of what was initially expected, based on the defective selectin ligands in the knockouts ( Fig. 1C-E ). The histopathology thus confirmed an exaggerated rather than a mitigated inflammatory response in the a(1,3) Fut-deficient animals. More severe inflammation manifested as larger, more frequent parenchymal neutrophilic aggregates and greater infiltration of alveolar walls by individual myeloid cells. In some areas of the Fut4
2/2 lung, the inflammation completely obscured the underlying pulmonary architecture. To determine whether the paradoxical observation of more severe lung inflammation upon reduced a(1,3)-fucosylation is unique to the NTHI model and live bacteria in general, we substituted NTHI with the sterile agent LPS (Supplemental Fig.  2 ). The relative severity and immune cell infiltration during acute airway inflammation was identical to the NTHI-challenged animals with WT , Fut7 Table S1 [8]) or by a(1,3)-fucose alterations in other nonleukocyte cell types. Thus, a surplus of available circulatory neutrophils could be passively driving excessive infiltration. To assess the total peripheral neutrophil pool available for recruitment in the different animal models, marginated cells were released into circulation by intravenous epinephrine. This process reduced the baseline ratio of circulatory neutrophils available from ;8 to ;3.5 in both the Fut7 2/2 and
Fut7 2/2 animals, as compared to the WT animals (Supplemental Fig. 3 ). After accounting for the marginated cells, Fut deficiency still conferred a surplus of neutrophils in the periphery.
To examine specifically the effects of fucose ligand deficiency on neutrophil recruitment, we compared inflammation in the lung and peritoneum (Fig. 2) . Neutrophils were isolated from WT and either Fut7 2/2 or Fut4
Fut7 2/2 donor mice, differentially labeled with PKH26-red or PKH67-green dyes, pooled at known red:green ratios, and reintroduced into the systemic circulation of the recipient mice, whereupon an acute inflammatory response was elicited 1 h before cell injection. In the NTHI-induced acute airway inflammation, a(1,3)-fucose-deficient neutrophils were preferentially recruited into the lung, as evidenced by a ratio of colored cells from the BALF 18 h after instillation that was skewed toward the Fut-deficient cells ( Fig.  2A, B) . A preference for airway recruitment of a(1,3)-fucosedeficient neutrophils was observed, regardless of the fucosylation genotype of the recipient animals, but the preferential recruitment was more than twice as pronounced in WT recipients than in the Fut4
Fut7 2/2 recipients ( Fig. 2A) . Significantly more (40%) total cells and neutrophils alike were recovered in the Fut4
recipients as compared to WT ( Fig. 2A, B , F, G) [28] . We addressed the possibility that the skewed ratios favoring a(1,3)-fucose-deficient cells in the BALF were caused by the preferential retention of WT neutrophils within the lung tissue. Total lung PMNs were collected by collagenase digestion of the lungs, resulting in the recovery of 10-fold more PMNs than the collection of BALF alone (data not shown). The collagenase-released cell ratios were even more skewed, favoring Fut4 and WT (green-dyed) donor cells from a ;1:1 premixed pool resulted in very few visible green but strikingly more abundant red cells in the inflamed lung ( Fig. 2C-E) .
To comparatively contrast these observations on the acute airway against a well-documented selectin-dependent model, we examined leukocyte recruitment in thioglycollate-elicited peritonitis [7] [8] [9] [10] 29] . A differentially labeled pool of Fut4
and WT neutrophils with initial ratios of 2 or 2.6 were introduced into WT or Fut4
2/2 recipients; peritoneum neutrophilic recruitment heavily favored WT over the Fut-deficient cells (Fig. 2F , G). To address the caveat that the discordant neutrophil recruitment patterns between NTHI lung inflammation and thioglycollate peritonitis are related to differences between the 2 eliciting agents (e.g., NTHI and thioglycollate), peritonitis was induced by intraperitoneal instillation of NTHI. Here again, neutrophil recruitment in peritonitis markedly favored WT neutrophils, regardless of the eliciting agent (Fig. 2H) . NTHIinduced peritonitis in this case experimentally replicates a clinical condition known as spontaneous bacterial peritonitis, which is bacterial colonization of the ascites fluid that can be a severe complication in patients with cirrhosis of the liver [30] . It was noted further that in both NTHI lung inflammation and thioglycollate peritonitis, the skewed ratios of recruited WT and Fut4 2/2 Fut7 2/2 PMNs were more pronounced in WT recipients and less so in a(1,3)-fucose deficient recipients, perhaps because of an additional consequence of a(1,3)-fucose insufficiency unrelated to the absence of fucose ligands on the PMNs, which was not explored further. We restricted consideration only to the a(1,3)-fucose ligands on PMN surfaces; all subsequent recipients were of the WT genotype. Overall, the data illuminated an additional role for a(1,3)-fucosylated structures on inflammatory cell surfaces, which influenced cell recruitment in a paradoxical manner to the well-established role of a(1,3)-fucoses as selectin ligands. Although a(1,3)-fucose deficiency is traditionally thought to prevent sLe X biosynthesis and neutrophil recruitment by preventing selectin-selectin ligand interactions, the deficiency paradoxically promotes neutrophil migration into the lung.
Sialic acid ligand deficiency does not affect neutrophil trafficking to the inflamed lung
To investigate further the note of sLe X in airway inflammation, ST3gal4 deficiency was also examined. a(2,3)-Sialylation by the sialyltransferase ST3Gal4 is also a critical enzyme in the formation of sLe X type selectin ligands [6, 7, 10] , and ST3Gal4 inactivation results in diminished E-selectin binding in mice and humans. Consistent with the loss of the sLe X ligand, ST3Gal4 2/2 neutrophils had diminished recruitment in the thioglycollateelicited peritoneum when compared to WT neutrophils (Fig. 3C) .
In the NTHI-challenged airway, the ST3Gal4 2/2 neutrophils behaved unlike the Fut4
Fut7 2/2 neutrophils; the ST3Gal4 2/2 neutrophils were not preferentially recruited (Fig. 3A) . In additional controls, neutrophils from another sialyltransferasedeficient mouse, ST6Gal1
, which forms a(2,6)-sialic acid linkages that are not part of sLe X [20, 23, 31, 32] , also did not alter neutrophil recruitment efficiency to the lung or to the peritoneum (Fig. 3B, D) . Thus, the data revealed that the exaggerated recruitment of the Fut4
Fut7
2/2 neutrophils into the acute lung was because of deficiency in a(1,3)-fucose structures that were not the traditional a(2,3)-sialylated sLe X selectin-ligands or those involving a(2,6)-sialylated structures.
The b2-integrin-ICAM-1 axis, not the selectin-selectin ligand axis, controls the exaggerated pulmonary recruitment of Fut4 2/2 Fut7 2/2 neutrophils
To determine whether selectin ligands contribute to pulmonary neutrophil recruitment, we used the sLe X -mimetic panselectin inhibitor TBC1269 [33, 34] to inhibit PMN migration into the lung upon NTHI challenge. TBC1269 treatment impeded inflammatory cell accumulation in the NTHI-induced acute airway [50 and 25% reductions in total accumulated cells (Fig.  4A) , or 75 and 50% reductions specifically to PMNs (Fig. 4B ) in the BALF of WT and Fut4 2/2 Fut7 2/2 mice, respectively]. On the one hand, the contribution of the selectin-selectin ligand axis in the acute airway is supported by the ability of the selectin mimetic to diminish cell migration. On the other hand, the inability of the selectin mimetic to normalize the observed differences in recruitment efficiencies between WT and Fut4
Fut7 2/2 PMNs implies another role for a(1,3)-fucose structures, independent of the canonical sLe X -selectin axis in airway recruitment. To interrogate how the leukocyte adhesion cascade was affected by the a(1,3)-fucose deficiency, blocking mAbs against the endothelial ligands ICAM-1, ICAM-2, and VCAM-1 of the selectin-independent steps of the adhesion cascade were used to determine which mAb could return the exaggerated Fut4 2/2 Fut7 2/2 neutrophil recruitment to WT levels. Among these, only blocking ICAM-1 was effective in normalizing total cell or neutrophil infiltration into the BALF (Fig. 4A, B, respectively) . The effectiveness of the ICAM-1 blockade in normalizing the difference was reaffirmed by histopathologic examination (Fig. 4C, D) . ratio of cells recovered from peritoneum or BALF. Shaded bars: ratio of neutrophils recovered after collagenase digestion of lung tissue and BALF (n = 8 mice for each subgroup). Scale bars, 100 mm. ***P , 0.001 vs. injection ratio.
Although there was marked reduction in solid aggregates of neutrophils and alveolar inflammatory infiltration upon ICAM-1 mAb treatment of the Fut4
Fut7 2/2 animals, there was little appreciable reduction in inflammation in the WT lung. Thus, the ability to normalize excessive inflammation by a blockade of ICAM-1 suggests a role for a(1,3) fucosylation in altering how endothelial ICAM-1 can interact with its neutrophil-borne binding partnernamely, the b 2 -integrin family.
To test the hypothesis excessive inflammatory cell recruitment in a(1,3)-fucose deficiency is caused by the altered b 2 -integrin function on the neutrophils, Abs against the a L -chain of LFA-1 (CD11a), the a M -chain of Mac-1 (CD11b), and the common b 2 -chain (CD18) of b2-integrin were tested for their ability to normalize inflammation to WT levels. Blockades of CD11a, CD11b, and CD18, similar to the blockade of ICAM-1, were all equally effective in reducing excessive inflammatory cell recruitment in Fut4 2/2 Fut7 2/2 to WT levels (Fig. 5A, B) , which was confirmed by histopathologic evaluation (Fig. 5C, D) . In WT animals, blocking either subunit did not drastically alter the total number of infiltrated cells (Fig. 5A) (Fig. 6A, B) and by histopathologic evaluations of the lungs (Fig. 6C, D) . Together, the data are consistent with the idea that CXCR2 signaling is a major component in inflammatory cell recruitment during pulmonary inflammation. We hypothesize further that excess recruitment in the Fut4
animals is related to hyperactivated CXCR2 signaling. Next, we assessed the active intermediate of the neutrophil inside-out signaling pathway Rap1-GTP. Mouse neutrophils were stimulated for 5 min at 37°C in the presence of CXCL1, a known CXCR2 ligand, or with PBS as a control. The addition of recombinant CXCL1 (KC) to both WT and Fut4 2/2 Fut7 2/2 neutrophils ex vivo resulted in a 1.5-fold up-regulation in WT and a 2.4-fold elevation of Rap1-GTP levels (Fig. 6E, F ), as compared to resting, in which greater than 2-fold more ICAM-1 Fc were bound by the a (1,3) -fucose-deficient Fut4
2/2 neutrophils as compared to WT neutrophils (Fig. 6G, H) . We then studied whether more Fut4
Fut7 2/2 neutrophils would migrate on ICAM-1 surfaces under shear flow (Fig. 6I) , and the data showed that 45% more Fut4 Fut7 2/2 neutrophils were introduced into WT recipients. In peritonitis, where defective a(1,3)-fucosylation resulted in severely attenuated cell recruitment, the refucosylated neutrophils were recruited into the thioglycollateelicited peritoneum at a 2.5-fold greater number than the native Fut4
Fut7 2/2 neutrophils (Fig. 7B) , demonstrating the effectiveness of the strategy in partially restoring the a(1,3)-fucosylated selectin-ligand sLe X . In the inflamed airway where defective a(1,3)-fucosylation resulted in exaggerated inflammation, the refucosylated Fut4
2/2 neutrophils had a ;50% reduction in binding to ICAM-1-Fc (Fig. 7C ) and, in turn, a reduction in Rap1-GTP signaling back to almost WT levels (Fig. 7D, E) . The refucosylated neutrophils also had more than a 2-fold reduced recruitment to the acute airway when compared to the native Fut4
Fut7 2/2 neutrophils (Fig. 7F) .
Thus, refucosylation is an effective strategy for the repairing the altered function of Fut4 which is the canonical selectin determinant participating in the initial step of the leukocyte recruitment cascade during inflammation [37] . These fucosylated ligands bind P-and Eselectin on the stimulated endothelial monolayer with rapid on-and-off rates, thus facilitating the direct capture or tethering of circulatory leukocytes from free flow onto the vessel wall [1] . In turn, the selectin-selectin ligand-mediated tethering allows cellular activation along a gradient of endothelium-bound chemokines and promotes the kinetically slower but tighter integrin-mediated adhesive interactions, resulting ultimately in extravasation of the leukocytes to the inflamed tissue [2] . Owing to its place at the beginning of the cascade, targeting the selectin-selectin ligand axis to attenuate excess immune cell recruitment is of significant clinical interest and the subject of active pharmaceutical clinical trials with generally encouraging outcomes [12, 13] . A physiologic contribution of a(1,3)-fucosylated glycans outside the context of selectin ligands is not known. The current work suggests a novel role for a(1,3)-fucosylated glycans in the leukocyte adhesion cascade, in addition to the sLe X glycoform for selectin binding. This possibility was uniquely visualized in lung inflammation, because leukocyte recruitment to the lung differs from most other vascular sites caused by the unique alveolar capillary beds of pulmonary circulation, portions of which are smaller in diameter than the neutrophils themselves [18] . It requires the neutrophil to deform in these beds [38] . Such close contact between the leukocytes and the capillary endothelium results in slower transit rates. We posit that the slowed transit rate diminishes the importance of selectin-ligands in the lung compared to other organs [39, 40] , which in turn allows visualization of the role of a(1,3)-fucose in other aspects of the leukocyte recruitment cascade. Consistent with this notion, although the recruitment of Fut4 2/2 Fut7 2/2 neutrophils was dramatically reduced, as expected, in selectinselectin ligand-dominated recruitment in the inflamed peritoneum, a(1,3)-fucose deficiency had the opposite effect in the inflamed airway. , the sLe X -analog TBC-1269 [41] could not normalize the exaggerated recruitment of Fut4 2/2 Fut7 2/2 neutrophils to WT levels. Although the nature of the a(1,3)-fucose ligand participating in the selectinindependent leukocyte recruitment remains to be elucidated, our data are consistent with the idea that this a(1,3)-fucose does not exist within the context of the canonical selectin ligand, the sLe X tetrasaccharide. As further proof, ST3Gal-4-deficient neutrophils, which also lacked sLe X , had the expected attenuation in selectin-dependent recruitment in peritonitis and in fact had their recruitment into the airway slightly reduced.
The data presented herein disclose a novel role for a(1,3) fucosylation in controlling CD18/b 2 -integrin-dependent firm arrest to ICAM-1. In the current work, we focused on whether the binding between neutrophil borne b 2 -integrins Mac-1 (CD11b/CD18) and LFA-1 (CD11a/CD18) and their principal binding partner ICAM-1 [1, 42] were affected by the loss of a(1,3)-fucose. Both LFA-1 and Mac-1 have been shown to be important during neutrophil recruitment to the lungs in response to specific inflammatory insults [42] [43] [44] [45] . Consistent with this, the same exaggerated airway recruitment was observed when the gram-negative NTHI and 3200 (inset). Scale bar, 100 mm. ***P , 0.001 vs. WT of each subgroup. † P , 0.01 vs. Fut4
+NTHI sample.
was replaced with the sterile agent LPS (Supplemental Fig. 1 ). With this said, it cannot be discounted that the utility of this a(1,3) fucose to alter neutrophil recruitment could be different based on the type of inflammatory insult, as some gram-positive bacteria such as Streptococcus pneumoniae have been shown to use a b 2 -integrin-independent axis of recruitment [46] . The binding of both LFA-1 and MAC-1 to their partners is also known to be distinct from the selectin-selectin ligand mechanism. In our studies, Fut4 2/2 Fut7 2/2 neutrophil migration to the lung was normalized or reduced to WT levels upon blocking either the unique a-chains or the common b 2 -chain. Because the recruitment was only normalized and not completely abrogated (WT levels were barely affected by treatment with b 2 -integrin blocking mAbs), the a(1,3)-fucose axis was responsible only for the augmented trafficking observed in the Fut4
The blocking efficacy of the anti-integrin mAbs suggests that the lack of a(1,3)-fucose increases the number of active b 2 -integrins by affecting mechanistic steps upstream of the b 2 -integrin-ICAM-1 axis. In this regard, human neutrophils have 2 neutrophil-bound receptors for the endothelium-bound cytokines CXCR1 and CXCR2, whereas murine neutrophils have only CXCR2 [47] . CXCR2 has been thought to have 2 N-glycan sites [48] , to be sensitive to enzymatic deglycosylation, which affects its normal function [49] and has been hypothesized to carry either a(1,2)-or a(1,3)-fucose residues [50] , which lends credence to our theory that the a(1,3) fucose may affect CXCR2 function. Also, endothelial CXCR2 has been implicated in the regulation of lung endothelial leakiness upon LPS stimulation [28] which may serve to explain why the ratio of Fut4 2/2 Fut7 2/2 :WT cells recovered was higher in the WT recipients (Fig. 2) , given that loss of a(1,3)-fucose may modify these sites as well. The engagement of the chemokine by these cognate receptors initiates an inside-out signaling cascade in which the chemokine receptor participates in a series of interactions culminating in the phosphorylation of Rap1-GDP into Rap1-GTP [51] . Rap1-GTP is the immediate upstream step of talin-1 mediated b 2 -integrin opening to the low-affinity conformation and also kindlin-3-mediated opening to the high-affinity state [52] . Together, these processes facilitate b 2 -integrin's binding to endothelial ICAM-1 and the firm arrest step of the multistep adhesion cascade. The talin-1-mediated transition from the bent to the low-affinity state has been associated with PSGL-1 binding to E-/P-selectin [36, 53] , which would be absent in the Fut4 2/2 Fut7 2/2 neutrophils because of their lack of sLe X . On the other hand, kindlin-3 transitions to the high-affinity state are mediated through CXCR2 stimulation. Therefore, monitoring the levels of Rap1-GTP upon chemokine activation of CXCR2 should be a direct indicator of the amount of kindlin-3-mediated transition of the b 2 -integrins to high affinity, especially because no PSGL-1-selectin interactions occur in the Fut4 2/2 Fut7 2/2 neutrophils. Indeed, our data show increased Rap1-GTP levels in both resting and CXCL1-stimulated Fut4 2/2 Fut7 2/2 neutrophils, as compared to WT leukocytes.
Furthermore, the binding and migration on recombinant ICAM-1 is significantly increased in knockout neutrophils compared to WT cells. An interesting side point is that our data suggest that a small fraction of b 2 -integrins remain in the active (intermediate or high-affinity) form, even in the resting state. In contrast to the classic model on integrin activation, increasing evidence has demonstrated that neutrophils maintain a small number of active integrins in circulation [54, 55] , and this is seen in both the WT and Fut4 2/2 Fut7 2/2 neutrophils, albeit to various degrees (10% vs. 20%). Thus a(1,3)-fucose may be a method for increasing the levels of circulating leukocytes in the immediate state of integrin affinity and supports our model of increased emigration to the lung. In addition, high Rap1-GTP levels, ICAM-1 Fc binding, and excessive leukocyte emigration to the lung could be either partially or fully reversed by refucosylating the Fut4 2/2 Fut7 2/2 neutrophils, using recombinant FUT7. Thus, the loss of the a(1,3)-fucose in neutrophils may increase leukocyte trafficking to the lung because of a hyperactive CXCR2 receptor that up-regulates Rap1-GTP, leading to more active b 2 -integrins.
The observations support the idea that enhancement of integrin-mediated interactions in the a(1,3)-fucose-deficient cells have been overlooked because of the dominance of the selectinmediated interactions in most tissues and models of inflammation. The severe requirement for a(1,3)-fucose for selectin interactions does not allow for chemokine signaling and integrin 
2/2 to WT PMN. Solid bars: ratio of cells recovered from peritoneum or BALF (n = 8 mice for each subgroup).
*P , 0.05, **P , 0.01, and ***P , 0.005 vs. injection ratio.
binding to occur downstream in its absence in traditional inflammatory models. To this end, lung biology has identified an additional previously overlooked a(1,3)-fucose-dependent, selectin-independent role in inflammatory cell recruitment. The data support a mechanism, depicted in Fig. 8 , where an a(1,3)-fucose structure, distinct from the sLe X participating in the selectin axis, can modulate the function of the chemokine receptor CXCR2 and is mediated via the inside-out signaling pathway intermediate Rap1-GTP, to control b 2 -integrin conformation and binding affinity. Thus, a condition of a(1,3)-fucose deficit would drive enhanced recruitment of the affected leukocytes by enhancing the binding efficacy of the b 2 -integrin axis. Moreover, these observations caution that targeting the selectin-selectin ligand axis may have limited effectiveness when the diameter of the normal vasculature has been compromised, such as during atherosclerosis. Finally, the existence of a novel a(1,3)-fucosylated glycan affecting inflammatory cell trafficking and acting on the level of chemokine-chemokine receptor engagement may present an additional exploitable target for therapeutic intervention in immune cell recruitment.
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